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ABSTRACT 
Nicotinamide N-methyltransferase (NNMT) is responsible for the N-methylation of nicotinamide 
to 1-methylnicotinamide. Our recent studies have demonstrated that NNMT regulates cellular 
processes fundamental to the correct functioning and survival of the cell. It has been proposed 
that NNMT may possess β-carboline N-methyltransferase activity, endogenously and 
exogenously-produced pyridine-containing compounds which, when N-methylated, are potent 
inhibitors of Complex I and have been proposed to have a role in the pathogenesis of Parkinson’s 
disease. We have investigated the ability of recombinant NNMT to N-methylate norharman to 2-
N-methylnorharman. In addition, we have investigated the toxicity of the β-carboline norharman, 
its precursor 1,2,3,4-tetrahydronorharman and its N-methylated metabolite 2-N-
methylnorharman, using our in vitro SH-SY5Y NNMT expression model. Recombinant NNMT 
demonstrated norharman 2N-methyltransferase activity, with a Km of 90 ± 20 µM, a kcat of 3 x 10-
4
 ± 2 x 10-5 s-1 and a specificity constant (kcat/Km) of 3 ± 1 s-1 M-1. 1,2,3,4-Tetrahydronorharman 
was the least toxic of all three compounds investigated, whereas norharman demonstrated the 
greatest, with no difference observed in terms of cell viability and cell death between NNMT-
expressing and non-expressing cells. In NNMT-expressing cells, 2-N-methylnorharman 
increased cell viability and cellular ATP concentration in a dose-dependent manner after 72 and 
120 h incubation, an effect which was not observed after 24 h incubation or in non-NNNT-
expressing cells at any time point. Taken together, these results suggest that NNMT may be a 
detoxification pathway for β-carbolines such as norharman. 
 
SUMMARY STATEMENT 
Nicotinamide N-methyltransferase has the ability to N-methylate the endogenously-produced β-
carboline norharman, resulting in the production of 2-N-methylnorharman which demonstrated 
significantly lower toxicity in vitro. 
 
SHORT TITLE 
NNMT and norharman metabolism 
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methyltransferase; IV, independent variable; MeN, 1-methylnicotinamide; MeNH, 2-N-
methylnorharman; MPP+, 1-methyl-4-phenylpyridinium ion; MTT, 3-(4,5-dimethylthiazol-2-yl)-
2,5-diphenyltetrazolium bromide; NH, norharman; NNMT, nicotinamide N-methyltransferase; 
NNMT-V5, nicotinamide N-methyltransferase C-terminally fused with the V5 epitope; NPA, 
normalised peak area; PD, Parkinson’s disease; PNMT, phenylethanolamine N-
methyltransferase; PtPI, parent-to-product ion; THNH, 1,2,3,4-tetrahydronorharman; SAM, S-
adenosylmethionine; SN, substantia nigra 
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INTRODUCTION 
Nicotinamide N-methyltransferase (NNMT, E.C. 2.1.1.1) N-methylates nicotinamide to 1-
methylnicotinamide (MeN) using S-adenosylmethionine (SAM) as cofactor [1]. It is widely 
expressed in human tissues, most strongly in the liver [2] and is upregulated in numerous cancers 
[3-6]. In the human brain, NNMT expression varies between regions and occurs solely in 
neurones, in particular within the dopaminergic neurones of the substantia nigra (SN) [2]. 
NNMT expression is also significantly elevated in the brains of patients who have died of 
Parkinson’s disease (PD) [2,7]. Stable expression of recombinant NNMT in SH-SY5Y human 
neuroblastoma cells, which have no endogenous expression of NNMT, increases both Complex I 
(CxI) activity and ATP synthesis [8], and promotes neurite branching and the formation of 
synapses via the activation of the Akt & ephrin B2 signalling pathways [9]. NNMT expression 
also protects against the toxicity of a variety of PD-relevant mitotoxins such as MPP+, rotenone 
and 6-hydroxydopamine [8,10]. These effects are replicated by MeN [8-10], suggesting that 
increased MeN production mediated the effects of NNMT.  
 
A number of studies have proposed that NNMT has the ability to N-methylate both endogenous 
and exogenous compounds, for example tetrahydroisoquinolines and β-carbolines (BCs), thereby 
generating inhibitors of CxI [2,11,12]. BCs are found endogenously within the brain, where they 
arise from tryptamine metabolism [13,14], and as constituents/breakdown products in well-
cooked foods such as meat and fish, roasted coffee, and tobacco smoke [15]. Due to the 
combination of their relatively high hydrophobicity and charge at physiological pH, BCs readily 
cross the blood-brain-barrier, whereupon they are N-methylated by as-yet unidentified N-
methyltransferases [13,16,17]. They are considered to be possible mediators of SN degeneration 
because of their resemblance to 1-methyl-4-phenylpyridinium ion (MPP+) and their ability to 
inhibit CxI [18-23]. Stereotaxic injection of BCs and their methylated derivatives into either the 
SN or the median forebrain bundle of rats resulted in striatal dopamine depletion, nigral lesions 
and gliosis [18,22,24] along with the onset of Parkinsonian-like motor symptoms [25]. In 
addition, the levels of BCs such as norharman (NH) have been shown to be elevated in the 
cerebral spinal fluid and SN of PD patients [24,26]. NH is a prototypical BC produced 
endogenously in the brain from 1,2,3,4-tetrahydronorharman (THNH) [27], which itself is 
produced via the demethylation of 1-methylTHNH [14,27,28]. The pyridine nitrogen of NH 
undergoes methylation to produce 2-N-methylnorharman (MeNH) [16] (Figure 1). MeNH is 
taken up selectively into dopaminergic neurones via the dopamine transporter (DAT) [23], where 
it weakly inhibits CxI [11,18,29]. The toxicity of MeNH is increased by its subsequent N-
methylation to 2,9-dimethylnorharman (DMeNH), the toxicity of which is reported to be 
comparable to that of MPP+ [20]. The concentration of DMeNH has been shown to be elevated 
in the cerebral spinal fluid of PD patients [21-23]. 
 
The identity of the enzymes responsible for these N-methylation reactions remains unknown. 
Gearhart et al. [30] demonstrated that phenylethanolamine N-methyltransferase (PNMT) has 2N-
methyltransferase activity towards 9-N-methylnorharman, but 9-N-methylnorharman does not 
occur naturally within the brain. Therefore, the physiological relevance of this is unclear. No 
enzyme has been identified as being responsible for the initial 2-N-methylation of NH or for the 
subsequent 9-N-methylation to DMeNH. Several studies have suggested that NNMT may have 
NH 2N-methyltransferase activity and thus initiate the production of toxic N-methylated 
derivatives [2,7,31]. Although NNMT has been shown to be capable of N-methylating a variety 
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of non-physiological substrates [32], as yet there is no direct experimental evidence to 
demonstrate BC N-methyltransferase activity for NNMT. If NNMT does possess NH 2N-
methyltransferase activity, it is possible that NNMT may increase the toxicity of NH, and as such 
may provide a mechanistic link between elevated NNMT expression and PD pathology.  
 
To test this hypothesis, we assessed whether recombinant human NNMT possessed NH 2N-
methyltransferase activity and compared the toxicity of THNH, NH and MeNH using our in vitro 
NNMT expression model.  
 
EXPERIMENTAL PROCEDURES 
Unless otherwise stated, all reagents were purchased from Sigma-Aldrich (Poole, UK) and were 
of the highest grade available. Cell culture reagents were purchased from Life Technologies 
(Paisley, UK). 
 
Synthesis of 2-N-methylnorharman 
The synthesis of MeNH was based upon the method of Thatcher et al. [33]. Briefly, 500 mg NH 
were stirred with 10 mL acetonitrile (Fisher Scientific, Lougborough, UK) for 30 mins at RT, 
after which 0.5 mL methyl iodide were added and the reaction stirred at RT for 16 hours. The 
precipitate was filtered, washed with 5 mL diethyl ether three times, and dried under vacuum. A 
light yellow solid was obtained in a yield of 90%. A melting point of 236 – 238 oC was 
consistent with that previously reported [34]. 1H-NMR spectrum (400 MHz (DMSO d6)): δ 12.78 
(1H, s, NH), 9.36 (1H, s, aromatic), 8.81 (1H, s, aromatic), 8.65 (1H, s, aromatic), 8.50 (1H, s, 
aromatic), 7.80 (2H, s, aromatic), 7.46 (1H, s, aromatic), 4.49 (3H, s, N+CH3). 13C-NMR 
spectrum (100 MHz (DMSO d6)): δ 143.9, 134.8, 134.8, 133.4, 131.87, 123.6, 121.5, 119.2, 
117.6, 113.0, 47.7 (N+CH3). Both NMR spectra matched those reported by Thatcher et al. [33]. 
m/z MeNH: 183.1 (C12H11N2+).  
 
Investigation of NNMT norharman 2N-methyltransferase activity 
Cloning, expression and purification of recombinant human NNMT 
Total RNA was isolated from normal human renal tissue using the SV Total RNA Isolation Kit 
(Promega, Madison, WI, USA) as per previously described [6]. Total RNA (2µg) was reverse-
transcribed into cDNA using M-MLV Reverse Transcriptase (Promega, Madison, WI, USA) 
using random primers. cDNA was subjected to PCR using the primers 5’-
TCACATATGGAATCAGGCTTCA-3’ (forward) and 5’-CTAAAGCTTTCACAGGGGTCTG-
3’ (reverse) to amplify the human NNMT open reading frame which was cloned into a pET-28a 
plasmid vector to obtain the expression construct pET-28a-wt-hNNMT. This was transformed 
into E. Coli BL21 (DE3). Recombinant wild-type human NNMT (hNNMTWT) was isolated from 
IPTG-induced cells and purified to homogeneity using nickel affinity purification as previously 
described [35]. Purity was confirmed using SDS-PAGE/Coomassie blue staining and NNMT 
identity was confirmed using SDS-PAGE/Western blotting as outlined in Table S1. Enzyme 
activity was 6740 nmoles 1-methylnicotinamide produced/h/mg protein. 
 
Determination of MeNH and THNH parent-to-product ion transitions 
The ability of NNMT to 2-N-methylate NH was assessed using a modification of our previously-
described NNMT assay [36]. To take into account the possibility that the amount of MeNH 
produced was below the limit of detection for the assay, HPLC-UV detection of MeNH was 
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replaced with LC-MS/MS detection. To identify parent-to-product ion (PtPI) transitions for 
MeNH and THNH (internal standard), 1 µg/mL in 0.1% formic acid (FA)/50% methanol 
solutions of each compound were individually infused into a TSQ Quantum Access triple 
quadrupole mass spectrometer (Thermo Scientific, Loughborough, UK). Collision energies for 
MS-MS were 33 V and 12 V for NH and MeNH respectively. There were three PtPI transitions 
for MeNH (m/z): 183 → 168, 183 → 140 and 183 → 115, and a single PtPI transition for THNH: 
173.1 → 144. 
 
Enzyme assay 
hNNMTWT (21.25 ng/µL) was incubated with 1 mM NH, 50 mM Tris buffer (pH 8.6) and 1 mM 
dithiothreitol (all final concentrations) in a reaction volume of 760 µL for 5 mins at 37 oC using a 
pre-heated Eppendorf heater (Grant Instruments, Shepreth, UK), after which the reaction was 
initiated by the addition of 40 µL SAM (0.5 mM final concentration). Samples (150 µL) were 
taken immediately and subsequently every 15 minutes for 45 minutes, each of which were 
immediately added to 750 µL ice-cold acetonitrile to terminate the reaction. An aliquot (100 µL) 
of the terminated reaction solution was transferred to an extraction tube. THNH internal standard 
(166 ng/mL final concentration) was added, the solution was evaporated to dryness under N2 at 
40 oC for 30 mins and then reconstituted in 200 µL 0.1% FA/50% methanol solution. The 
reconstituted solution (10 µL) was injected into a Thermo Accela Pump and Autosampler 
(Thermo Scientific) coupled to a Thermo TSQ Quantum Access, and separated using a C4 
Thermo Hypersil Gold 50x2.1 mm 1.9 µ column (Thermo Scientific) at a flow rate of 200 
µL/min using the mobile phase gradient outlined in Table S2. Eluted reaction components were 
analysed using triple quadrupole positive electrospray ionisation, with a spray voltage of 3000 
kV and a capillary temperature of 350 oC. MeNH and THNH were quantified using the peak 
areas of their respective 183 → 168 and 173.1 → 144 PtPI transitions, with confirmation of 
MeNH quantification using the 183 → 140 PtPI transition. MeNH peak area was normalised for 
THNH peak area to produce a normalised peak area (NPA) value, and MeNH production was 
calculated using a calibration curve constructed using MeNH standards of known NPA. MeNH 
production was calculated and expressed as nmol MeNH produced/mg protein. Linearity of 
reaction vs. time was determined by linear regression analysis using Prism v5.0 (GraphPad, San 
Diego, USA). Specific activity was calculated and expressed as nmoles MeNH 
produced/hour/mg protein ± SEM.  
 
Kinetic analysis of NH 2N-methyltransferase activity 
hNNMTWT was incubated as described above with 0, 0.05, 0.1, 0.25, 0.5 and 1 mM NH. Samples 
were taken at 0, 30, 60, 120, 240 and 480 secs, from which the initial velocity was calculated and 
expressed as specific activity (nmoles MeNH produced /hour/mg hNNMTWT protein). The 
kinetic constants Km  (µM ± SEM) and kcat (s-1 ± SEM) were calculated using non-linear 
Michaelis-Menten regression analysis, and were used to calculate kcat/Km which was expressed as 
s-1 M-1 ± SEM. 
 
Characterisation of NNMT and PNMT expression 
Cell culture 
SH-SY5Y human neuroblastoma cells and S.NNMT.LP (SH-SY5Y cells stably expressing a 
recombinant NNMT C-terminally fused with the V5 epitope (NNMT-V5), produced as part of 
our ongoing studies) were cultured as previously described [8]. SH-SY5Y cells were chosen due 
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to their wide use in neurotoxicity studies [37] and their lack of endogenous NNMT expression 
[8]. SH-SY5Y of passage number 19 – 22 and S.NNMT.LP of passage number 7 – 9 
(corresponding to SH-SY5Y passage number 22 – 24) were used for all experiments. 
 
Western blotting and RT-PCR analysis of NNMT and PNMT expression 
NNMT and PNMT mRNA expression in SH-SY5Y and S.NNMT.LP was assessed using RT-
PCR as previously described [8] using primers outlined in Table S3. Recombinant NNMT-V5 
and endogenous PNMT protein expression was detected using SDS-PAGE/Western blotting as 
previously described [8] using combinations of primary and secondary antibodies outlined in 
Table S1. As a positive control for PNMT expression, Balb/c mouse whole brain homogenate, 
obtained from the Biomedical Services Unit, KCL, was prepared from mice euthanized as per 
Schedule 1 of the Animal (Scientific Procedures) Act (1986) as previously described [9]. 
 
Investigation of THNH, NH and MeNH toxicity 
MTT reduction assay 
Cells were seeded into the wells of a 96-well plate in quadruplicate (Thermo Scientific, 
Loughborough, UK) at a density of 15,000 cells/well and incubated with serial dilutions of test 
compounds (THNH: 1600 – 12.5 µM; NH: 800 – 6.3 µM; MeNH: 2000 – 15.6 µM); these 
concentration ranges were optimised to ensure adequate statistics in the subsequent toxicity dose-
response data analysis. After 24, 72 and 120 h incubation, 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide (MTT) reduction was assessed as previously described [38] and 
results were calculated and expressed as percentage cell viability compared to untreated cells ± 
SEM (n = 5 for THNH and NH, n = 4 for MeNH). To calculate EC50 for each compound, 
concentration was log-transformed, and analysed using non-linear regression analysis using the 
following equation: 
 
 =  +	
	
 −
1 + 10∗
 
 
and a constraint of y = 0 for the minimum. 
 
LDH cytotoxicity assay 
Cells were seeded and incubated with test compounds as described above for 120 h, after which 
lactate dehydrogenase (LDH) release was measured using the Pierce LDH Cytotoxicity Assay kit 
(Thermo Fisher Scientific, Paisley, UK) as per manufacturer’s instructions. LDH release was 
calculated and expressed as percentage cell death ± SEM (n = 3). Data analysis and calculation 
of LC50s was performed using non-linear regression as described above, using a constraint of y 
= 100 for the maximum. 
 
Cellular ATP content assay 
Cells were seeded into the wells of a poly-L-lysine-pretreated white 96-well plate (Greiner Bio-
One Ltd., Stonehouse, UK) at a density of 15,000 cells/well in triplicate. Cells were incubated 
with test compounds as described above for 120 h, after which ATP content was measured as 
previously described [8] and expressed as percentage ATP content compared to untreated cells ± 
SEM (n = 5 for THNH and NH, n = 4 for MeNH). Data analysis and calculation of EC50s was 
performed as described for the MTT assay.  
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Statistical analysis 
All statistical analysis was undertaken using Prism (Graphpad, San Diego, CA, USA). In all 
instances, significance was taken at P < 0.05. To determine the overall effect of each compound 
dose upon MTT reduction, cellular ATP content and LDH release compared to untreated cells 
for each cell line, a 1-way repeated measures ANOVA with Tukey post hoc comparisons using 
blocked, raw mean data for each experiment was performed with concentration as the 
independent variable (IV) and absorbance minus background (MTT and LDH) or luminescence 
minus background (ATP) as the dependent variable (DV) [39]. To determine cell line differences 
in toxicity for individual concentrations, a 2-way repeated measures ANOVA using blocked, 
mean data for each experiment with concentration and cell line as IV and data normalised as 
percentage of untreated cells as DV. Normalisation of the DV takes into account differences in 
baseline MTT reduction, cell death and cellular ATP differences of untreated cells between both 
cell lines [8,10]. As such, untreated cells were not included in this analysis as they would be 
expressed as 100 ± 0%. Unless otherwise stated, all P values are <0.001. To determine 
differences in compound toxicity, logEC50 or logLC50 was determined for each experimental 
repeat which were subsequently averaged to obtain logEC50s ± SEM and logLC50s ± SEM and 
have been summarised in Table S4. These were then compared using Student’s t-test 
(comparison in both cell lines) or 1-way ANOVA with Tukey post hoc comparisons (comparison 
of all three compounds or time points in a single cell line). The use of logEC50s and logLC50s, 
which follow a normal distribution, mitigates against the asymmetry that exists when the antilog 
of a log standard error is obtained [40]. 
 
RESULTS 
NNMT demonstrated norharman 2N-methyltransferase activity 
To determine whether NNMT has BC N-methyltransferase activity, we investigated whether 
recombinant hNNMTWT could N-methylate NH (Figure 2). Incubation of hNNMTWT with 1 mM 
NH resulted in the production of MeNH, which increased linearly with time (Figure 2a), 
providing a calculated specific activity of 37 ± 2 nmoles MeNH produced/hr/mg protein.  
Estimation of the kinetic parameters Km and kcat using Michaelis-Menten non-linear regression of 
enzyme incubated with varying concentrations of NH (Figure 2b) provided an estimated Km of 
90 ± 20 µM and a Kcat of 3 x 10-4 ± 2 x 10-5 s-1 respectively. kcat/Km was calculated to be 3 ± 1 s-1 
M-1. 
 
PNMT protein expression was undetectable in both SH-SY5Y and S.NNMT.LP cells 
As previously described [8], neither endogenously expressed NNMT mRNA nor recombinant 
NNMT-V5 were detected in SH-SY5Y cells, but recombinant NNMT-V5 mRNA and protein, 
however, were expressed robustly in S.NNMT.LP cells (data not shown). PNMT mRNA was 
expressed in both cell lines (Figure 3a), but PNMT protein was undetectable in either cell line 
(Figure 3b). 
 
BCs demonstrated differential toxicity towards SH-SY5Y and S.NNMT.LP cells  
Cell viability – MTT assay 
The toxicity of THNH, NH and MeNH was compared in SH-SY5Y and S.NNMT.LP after 120 h 
incubation using the MTT cell viability assay (Figure 4 and Tables 1 & 2), an early stage 
measure of toxicity [42]. THNH was significantly toxic towards SH-SY5Y cells at 400 (P < 
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0.05), 800 and 1600 µM, and towards S.NNMT.LP at the same concentrations. No significant 
difference in toxicity was observed between cell lines at any individual dose. There was no 
significant difference in EC50THNH for each cell line (P = 0.19). NH was toxic towards SH-SY5Y 
cells at 100 (P < 0.05), 200, 400 and 800 µM, and towards S.NNMT.LP at 200, 400 and 800 µM. 
No significant difference in toxicity was seen between cell lines at any individual concentration. 
There was no significant difference in EC50NH for each cell line (P = 0.78). MeNH was toxic 
towards SH-SY5Y cells at 250, 500, 1000 and 2000 µM. MeNH demonstrated toxicity towards 
S.NNMT.LP at 500, 1000 and 2000 µM, and increased cell viability at 62.5 and 125 µM. There 
was a significant difference in toxicity towards SH-SY5Y and S.NNMT.LP at 125 µM (93 ± 3% 
vs. 164 ± 7%) and 250 µM (55 ± 2% vs. 92 ± 6%, P < 0.01). The EC50MeNH was significantly 
lower in SH-SY5Y than S.NNMT.LP (P = 0.009). 
 
For SH-SY5Y cells (Figure S1), there were significant differences in the EC50s for all 
compounds, with EC50THNH greater than both EC50NH and EC50MeNH. Likewise, EC50MeNH was 
significantly greater than EC50NH. For S.NNMT.LP cells (Figure S1), EC50THNH was 
significantly greater than EC50NH, and EC50MeNH was greater than EC50NH. In contrast, 
EC50THNH was not significantly different to EC50MeNH. 
 
Cell death – LDH release 
We next investigated the effect of BCs upon cell death after 120 h incubation as measured by the 
LDH assay (Figure 5 and Tables 1 & 2), an end stage measure of toxicity [41]. THNH was toxic 
towards both SH-SY5Y and S.NNMT.LP cells at 1600 µM only. THNH was significantly more 
toxic towards SH-SY5Y than S.NNMT.LP cells at 400 µM (27 ± 3% vs. 13 ± 0.6%) and 1600 
µM (58 ± 10% vs. 34 ± 2%). There was no significant difference in LC50THNH for each cell line 
(P = 0.12). NH was toxic towards both SH-SY5Y and S.NNMT.LP cells at 200, 400 and 800 
µM. Cell death was significantly higher in SH-SY5Y compared to S.NNMT.LP cells at 400 µM 
(85 ± 6% vs. 54 ± 0.6%). The LC50NH was significantly lower in SH-SY5Y compared to 
S.NNMT.LP (P = 0.0006). MeNH was toxic towards SH-SY5Y cells at 2000 µM only, whereas 
MeNH was toxic towards S.NNMT.LP cells at 500, 1000 and 2000 µM. Cell death was 
significantly lower in SH-SY5Y compared to S.NNMT.LP cells at 500 µM (34 ± 2% vs. 99 ± 
3%), 1000 µM (31 ± 6% vs. 84 ± 4%) and 2000 µM (73 ± 2% vs. 89 ± 5%). The LC50MeNH was 
significantly higher in SH-SY5Y compared to S.NNMT.LP cells (P = 0.0002). 
 
For SH-SY5Y (Figure S2), the LC50NH was significantly lower than both the LC50THNH and 
LC50MeNH, with no significant difference between LC50THNH and LC50MeNH. In contrast, for 
S.NNMT.LP cells (Figure S2) LC50THNH was significantly greater than both LC50NH and 
LC50MeNH. There was no significant difference between LC50NH and LC50MeNH. 
 
Cellular ATP content assay 
The effect of BCs upon cellular ATP content after 120 h incubation was assessed (Figure 6 and 
Tables 1 & 2). THNH reduced cellular ATP content in SH-SY5Y cells at 400, 800 and 1600 µM. 
Likewise, THNH reduced cellular ATP content in S.NNMT.LP cells at the same concentrations. 
No significant difference in cellular ATP content was observed between cell lines at any 
individual dose. There was no significant difference in EC50THNH for each cell line (P = 0.21). 
NH reduced cellular ATP content in SH-SY5Y cells at 400 and 800 µM, whereas in 
S.NNMT.LP NH reduced cellular ATP content at 200, 400 and 800 µM. There was a significant 
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difference in cellular ATP content in SH-SY5Y and S.NNMT.LP at 200 µM (86 ± 15% vs. 39 ± 
5%). The EC50NH was significantly higher in SH-SY5Y compared with S.NNMT.LP cells (P = 
0.02). MeNH reduced cellular ATP content in SH-SY5Y cells at 250, 500, 1000 and 2000 µM. 
In S.NNMT.LP, MeNH reduced cellular ATP content at 500, 1000 and 2000 µM, and increased 
cellular ATP content at 125 µM (P < 0.05). Cellular ATP content was significantly lower in SH-
SY5Y than S.NNMT.LP at 125 µM (74 ± 9% vs. 140 ± 14%) and 250 µM (46 ± 16% vs. 110 ± 
11%). The EC50MeNH was significantly lower in SH-SY5Y compared with S.NNMT.LP cells (P 
= 0.009). 
 
For SH-SY5Y (Figure S3), the EC50THNH was significantly greater than both EC50NH and 
EC50MeNH, with no difference between EC50NH and EC50MeNH. For S.NNMT.LP (Figure S3), the 
EC50THNH was greater than EC50NH, as was EC50MeNH compared to EC50NH.  In contrast, the 
EC50THNH was not significantly different to EC50MeNH.  
 
Effect of length of exposure upon cell viability 
Finally, we investigated whether BCs demonstrated time-dependent differences in cell viability 
as measured using the MTT reduction assay (Figure 7 and Tables 1 & 2). THNH was toxic 
towards SH-SY5Y cells after 24 h incubation at 400, 800 and 1600 µM. Likewise, after 72 h 
incubation THNH was toxic at the same concentrations. THNH was toxic towards S.NMT.LP 
cells after 24 h incubation at concentrations of 200 µM and greater. After 72 h incubation, 
THNH was significantly toxic at concentrations of 400, 800 and 1600 µM. THNH did not 
increase MTT reduction at any concentration or time point in either cell line. There was no 
significant difference in EC50THNH towards both SH-SY5Y and S.NNMT.LP cells over the time 
course of the experiment. There were no significant differences in EC50THNH at each time point 
between SH-SY5Y and S.NNMT.LP cells.  
 
NH was toxic towards SH-SY5Y cells after 24 h incubation at 100 (P < 0.01), 200, 400 and 800 
µM. After 72 h incubation, NH was toxic at the same concentrations. Likewise, NH was toxic 
towards S.NNMT.LP cells after 24 h incubation at concentrations of 100 µM and greater. After 
72 h incubation, NH was toxic at 200 (P < 0.01), 400 and 800 µM. NH did not increase MTT 
reduction at any concentration or time point in either cell line. There were no significant 
differences in EC50NH towards both cell lines over the time course of the experiment. There was 
no significant difference in EC50NH at each time point between SH-SY5Y and S.NNMT.LP.  
 
MeNH was toxic towards SH-SY5Y cells after 24 h incubation at 500 (P < 0.01), 1000 and 2000 
µM. After 72 h incubation, MeNH was toxic at 1000 and 2000 µM. MeNH was toxic towards 
S.NNMT.LP cells after 24 h incubation at 500, 1000 and 2000 µM. After 72 h incubation, 
MeNH was toxic at 1000 and 2000 µM. MeNH did not increase MTT reduction in SH-SY5Y at 
any of the concentrations or time points investigated, however MTT reduction was increased in 
S.NNMT.LP after 72 h incubation with 31.3 and 62.5 µM (P < 0.05) MeNH. There were 
significant differences in EC50MeNH over the time course of the experiment. In SH-SY5Y cells, 
EC50MeNH decreased with increasing length of incubation. In S.NNMT.LP cells, EC50MeNH was 
not significantly different after 24 and 72 h incubation, however EC50MeNH was significantly 
lower after 120 h incubation (P < 0.05). After 24 h incubation, MeNH was significantly less 
toxic towards SH-SY5Y than S.NNMT cells (P = 0.006), however due to the increasing toxicity 
of MeNH towards SH-SY5Y with increasing length of incubation, there was no significant 
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difference in EC50MeNH observed between SH-SY5Y and S.NNMT.LP cells after 72 h 
incubation and was significantly more toxic towards SH-SY5Y than S.NNMT.LP after 120 h 
incubation (P = 0.008).  
 
In SH-SY5Y cells after 24 h incubation, EC50MeNH was greater than both EC50THNH (P < 0.01) 
and EC50NH, with EC50THNH greater than ECNH (P < 0.01). Likewise, after 72 h incubation, 
EC50MeNH was greater than both EC50THNH (P < 0.05) and EC50NH (P < 0.01), with EC50THNH 
greater than ECNH (P < 0.05). In S.NNMT.LP cells after 24 h incubation, there was no significant 
difference between EC50MeNH and EC50THNH, whereas both EC50THNH and EC50MeNH were 
significantly greater than EC50NH (P < 0.01 for both).  After 72 h incubation, there was no 
significant difference between EC50THNH and EC50NH, whereas both EC50THNH and EC50NH 
were lower than EC50MeNH.  
 
DISCUSSION 
The potential for NNMT to N-methylate endogenously and exogenously-derived compounds 
such as BCs into inhibitors of CxI been proposed previously [2,7,12] but has not been 
demonstrated hitherto. This study is the first to demonstrate that (1) NNMT has NH 2N-
methyltransferase activity and (2) MeNH is less toxic than NH.   
 
NNMT demonstrated norharman 2N-methyltransferase activity 
The demonstration of NH 2N-methyltransferase activity for NNMT (Figure 2) is the first direct 
experimental evidence of such towards an endogenously-produced substrate other than 
nicotinamide, and is a further addition to the list of pyridine-containing compounds which are 
substrates for NNMT [32]. Comparison of the kinetic parameters for NNMT reveals that NNMT 
has a lower Km yet lower kcat and kcat/Km towards NH compared to nicotinamide. Our own studies 
of human NNMT, using whole liver homogenate as source, reported a Km of 1.36 mM for 
nicotinamide, 15-times higher than that for NH reported here [36]. Studies by Rini et al. [42] of 
human liver NNMT demonstrated a similar trend, with a Km of 350 µM (4-times higher). We 
have previously reported a Km of 380 – 430 µM for the hNNMTWT used in this study [35], 4.4 – 
4.9-fold higher than the Km for NH. The kcat for NH is 265-fold lower than that for nicotinamide 
[35]. Such a low kcat is not without precedence. The DNA endonuclease I-Crel and γ-secretase 
have very low catalytic turnover towards their endogenous substrates, as evidenced by kcat values 
of 4 x 10-4 s-1 and 1.2 x 10-3 s-1 respectively [43,44]. Furthermore, the amino acid transaminase 
activity of tyrosine phenol-lyase is similar to that which we report for the N-methylation of NH, 
with kcat in the range 1 x 10-4 – 2 x 10-3 s-1 dependent upon substrate [45]. Such a low kcat 
indicates that the Km for the N-methylation of NH is close to ks, the equilibrium dissociation 
constant for the NNMT-NH complex, suggesting that NH is not a good substrate for NNMT. 
This is supported by comparing kcat/Km of NNMT for NH with that of nicotinamide, which is 54-
fold larger [35]. Thus, it is clear that nicotinamide is the preferred substrate for the enzyme and, 
within the cell, NH metabolism may be inhibited by nicotinamide via competitive inhibition. The 
rate at which BCs are endogenously produced is unknown, although it is likely that both BC and 
nicotinamide levels will fluctuate due to dietary intake [46]. Hence, it is not possible to state with 
certainty that the intracellular concentrations of nicotinamide will be in excess of NH at all 
times; therefore, whilst NNMT can N-methylate NH, the degree to which this occurs in the cell is 
uncertain.    
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In contrast to what we have previously observed for nicotinamide, NNMT does not appear to 
demonstrate substrate inhibition kinetics when incubated with NH (Figure 2B) [36]. This may 
arise due to the differences in NNMT preparation used in the respective studies, i.e. whole liver 
homogenate vs. purified recombinant protein. Also, it is possible that incubation with higher 
concentrations of NH may yet reveal substrate inhibition. Nonetheless, these results do suggest 
differing regulation of NNMT’s various enzyme kinetic activities which may reflect their 
respective metabolic requirements. 
 
The expression of NNMT-V5 influenced the toxicity of BCs 
No study has investigated the effect of the expression of an enzyme known to possess BC N-
methyltransferase activity upon their toxicities. In our present study, THNH – the precursor of 
NH – was the least toxic of all three compounds investigated, and its overall toxicity (as 
measured using EC50s and LC50) was not influenced by the expression of NNMT-V5 (Figures 4 
– 7). Tetrahydro-BC alkaloids such as THNH and 1-methyl-THNH carboxylate occur in foods 
such as wine, seasonings and fruit products, and possess radical scavenging properties [47]. 
Injection of 2-N-methyl-THNH, the aliphatic analogue of MeNH, into rat brain has no effect on 
dopaminergic neurone viability or function [48], which taken together with our results 
demonstrate that the pyridinium moiety is essential for BC toxicity.  
 
In contrast, NNMT-V5 expression influenced the toxicity of NH. The EC50ATP for NH was 
lower in S.NNMT.LP compared to that of SH-SY5Y cells (Figure 5), possibly due to the 
increased N-methylation of NH in S.NNMT.LP cells by NNMT-V5. This N-methylation most 
likely occurs via NNMT-V5 as evidenced by the lack of PNMT expression in either cell line. 
Since MeNH is a weak CxI inhibitor, although with a 7-fold higher IC50 than MPP+, it is also 
possible that the increased toxicity of NH (in terms of reduction in cellular ATP concentration) 
in S.NNMT.LP cells may arise due to its inhibition of Complex III [11]. Conceivably, this 
inhibitory effect would be greater in S.NNMT.LP cells as the rate of oxidative phosphorylation is 
increased compared to that in SH-SY5Y cells [8]. NH toxicity, however, is thought to be 
mediated predominantly via the formation of DMeNH [22], making the inhibition of Complex III 
by NH unlikely to be responsible for the effect observed.  
 
Of significance was the observation that the EC50NH for cell viability (as measured using the 
MTT assay, Figure 7) towards each cell line after 120 h incubation was not significantly 
different, whereas its LC50
 
after 120 h incubation (Figure 5) was higher in S.NNMT.LP cells, 
demonstrating that the decrease in cellular ATP content observed in S.NNMT.LP (Figure 6) was 
not cytotoxic and that NNMT-V5 expression protected against NH-induced cell death. It is 
possible that the deleterious effects of NH on cell viability were not manifest over the time 
period of the experiment, hence prolonged incubation with NH may result in decreased cell 
viability and increased cell death being observed. In mitigation of this, the EC50MTT for NH over 
the 120 h of the experiment (Figure 4) did not decrease; as such it is unlikely that further 
prolonged incubation would result in an increase in toxicity. It is possible that, although cell 
viability was not compromised, the reduction in cellular ATP in response to NH may leave the 
cell susceptible to further cytotoxic challenge, resulting in an eventual reduction in cell death.  
 
MeNH was less toxic than NH towards both SH-SY5Y and S.NNMT.LP cells (Figures 4 & 6). 
This contrasts with findings from other studies which suggest that MeNH is more toxic than NH 
NNMT and norharman metabolism 
12 
 
[20,21,23]. There are a number of potential explanations for this observation. The first is that 
MeNH, as a charged molecule, was unable to enter the cell to elicit toxicity. This is supported by 
studies using HEK293 cells overexpressing DAT, which reported that the toxicity of MeNH 
relied upon DAT expression [23]. In contrast, NH would enter the cell via passive diffusion due 
to its relatively high lipophilicity (logP = 3.17). Renal stem cell-derived HEK293 cells do not 
endogenously express DAT [49] and may thus demonstrate differing susceptibilities to BCs and 
their methylated forms compared to neuronally-derived cells. Furthermore, the DAT-containing 
plasmid used in Wernicke’s study was a CMV promoter-based plasmid which, in HEK293 cells, 
would result in robust levels of protein expression [50], potentially resulting in 
supraphysiological levels of protein expression and so exaggerate the toxicity of MeNH. Storch 
and colleagues [51], using the same HEK293 model, demonstrated that there was no correlation 
between the Vmax of uptake kinetics of BCs and their cytotoxicity, nor was there a correlation 
between cytotoxicity and lipophilicity. In support of our observations, SH-SY5Y cells in their 
undifferentiated state express DAT [52,53] and as such are able to transport MeNH into the cell. 
Due to its positively charged nature, MeNH would sequester into the mitochondrion, raising the 
local concentration significantly [54]. Finally, many of the in vivo studies of BC toxicity use 
supraphysiological, acutely-administered concentrations of BC which do not mirror the gradual 
production and sequestering of MeNH modelled in our study. 
 
The NNMT-V5-mediated protection against MeNH-induced reduction in cell viability and 
cellular ATP concentration in S.NNMT.LP cells after 120 h incubation (Figures 4 & 6) is in 
accord with our previous studies which have demonstrated similar protection against other CxI 
inhibitors [8,10]. More significant was the dose-dependent increase in cell viability and cellular 
ATP concentration in S.NNMT.LP by low concentrations of MeNH, an effect which was only 
manifest after 72 h incubation and which was not observed with either THNH or NH (Figures 6 
& 7). This delayed increase in mitochondrial function may be an adaptive response of the cell to 
sub-lethal cytotoxic challenge. The mechanisms underlying this cytoprotection are as yet 
unknown, although the activation of the neuroprotective Akt signalling pathway in S.NNMT.LP 
[9] is an example of one such possibility. What is of note is that NNMT-V5 expression in 
S.NNMT.LP did not significantly increase MeNH’s LC50 compared to that of NH, which is in 
contrast to both the EC50MTT and EC50ATP and was not observed in SH-SY5Y cells (Figure 5). 
The LC50 for MeNH was also significantly higher in SH-SY5Y compared to S.NNMT.LP. The 
reasons for these differences are unclear, however it does suggest that the toxicity of MeNH may 
not solely be mediated via CxI inhibition but may involve as-yet unidentified mechanism(s) 
which are specific to NNMT-expressing cells.  
 
NNMT may be a detoxification pathway for β-carbolines 
This use of SH-SY5Y cells in PD-relevant neurotoxicity studies is controversial. Although 
widely used for studies such as ours [37], SH-SY5Y are pan-neuronal in their phenotype [9] and 
are tumorigenic in nature [55,56]. Nevertheless, undifferentiated SH-SY5Y cell do demonstrate 
some neuronal characteristics such as the expression of the presynaptic marker synaptophysin, 
the accumulation and release of dopamine and the expression of DAT [9,52,53]. Consequently, 
many studies use retinoic acid-based protocols to produce terminally-differentiated dopaminergic 
neurones [55-57], in which a number of proteins and signalling pathways are induced, for 
example Akt, which may affect toxicity. In both SH-SY5Y cell and PD animal models Akt 
induction has been shown to confer neuroprotection against the toxicity of the classic PD 
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neurotoxin 6-hydroxydopamine [52,58]. It is also unknown as to what effect differentiation has 
upon the expression of N-methyltransferases capable of N-methylating BCs. Thus, differentiation 
may mask the effects of NNMT-V5 upon BC toxicity that we wish to observe. The benefit of 
using the combination of SH-SY5Y and S.NNMT.LP is that they provide us with a true knock-
in/knock-out model of NNMT expression and is ideal for the investigation of how NNMT 
influences the toxicity of BCs. Finally, the expression of NNMT-V5 in N27 rat mesencephalic 
neurones, an immortalised dopaminergic phenotype cell line, reproduced the effects of NNMT-
V5 expression in SH-SY5Y [9], suggesting that many of the effects of NNMT-V5 expression in 
SH-SY5Y are likely to be replicated in neurones. 
 
The observations that NNMT.V5-expressing cells are protected from NH-induced cell death, 
MeNH-induced reduction in cell viability and cellular ATP content, and that MeNH is less toxic 
than NH towards both cell lines suggests that NNMT may serve as a detoxification mechanism 
for BCs. There are caveats to this. Firstly, NH is a much poorer substrate than nicotinamide. 
Second, MeNH can be further converted to the more toxic species DMeNH. The enzyme 
responsible for this is unlikely to be NNMT for two reasons: (1) the lack of increase in toxicity 
observed for MeNH in S.NNMT.LP cells compared to SH-SY5Y, and (2) the lack of reports in 
the literature demonstrating that NNMT can N-methylate aliphatic nitrogen atoms. Therefore, 
confirmation of NNMT’s detoxification of NH using pathophysiologically-relevant in vivo 
models will strengthen the evidence for a detoxification role for NNMT in the brain and confirm 
NNMT’s central role in the regulation of cellular function and survival. 
 
DECLARATION OF INTEREST 
The authors declare that they have no conflict of interest with the contents of this manuscript. 
 
AUTHOR CONTRIBUTION STATEMENT 
MGT conducted the majority of the experiments and analysed the data. DS and ME produced the 
recombinant hNNMTWT protein and wrote the paper with RBP. MvH assisted in the enzyme 
kinetic experiments. NIM wrote the paper with RBP. DMM assisted in the synthesis of NH and 
the interpretation of NMR data. DJB assisted in the analysis of the enzyme kinetic data. FK 
wrote the paper with RBP. DBR wrote the paper with RBP. MR conducted some of the 
experiments. RBP conceived the study, analysed the data with MGT and DJB, and wrote the 
majority of the paper.  
 
FUNDING STATEMENT 
This work was funded by Parkinson’s UK (grant ref #0505, RBP) and a King’s College London 
Graduate Schools Studentship (MGT). 
 
REFERENCES 
1. Aksoy S., Szumlanski C.L., Weinshilboum R.M. (1994) Human liver nicotinamide N-
methyltransferase. cDNA cloning, expression, and biochemical characterisation. J. Biol. 
Chem. 269:14835-14840. 
2. Parsons R.B., Smith M.L., Williams A.C., Waring R.H., Ramsden D.B. (2002) 
Expression of nicotinamide N-methyltransferase (E.C. 2.1.1.1) in the Parkinsonian brain. 
J. Neuropathol. Exp. Neurol. 61:111-124. 
NNMT and norharman metabolism 
14 
 
3. Kassem H.S., Sangar V., Cowan R., Clarke N., Margison G.P. (2002) A potential role for 
heat shock proteins and nicotinamide N-methyltransferase in predicting response to 
radiation in bladder cancer. Int. J. Cancer 101:454-460. 
4. Roessler M., Rollinger W., Palme S., Hagmann M.L., Berndt P., Engel A.M., 
Schneidinger B., Pfeffer M., Andres H., Karl J., Bodenmuller H., Ruschoff J., Henkel T., 
Rohr G., Rossol S., Rosch W., Langen H., Zolg W., Tacke M. (2005) Identification of 
nicotinamide N-methyltransferase as a novel serum tumour marker for colorectal cancer. 
Clin. Cancer Res. 11:6550-6557. 
5. Tomida M., Ohtake H., Yokota T., Kobayashi Y., Kurosumi M. (2008) Stat3 up-regulates 
expression of nicotinamide N-methyltransferase in human cancer cells. J. Cancer Res. 
Clin. Oncol. 134:551-559. 
6. Sartini D., Muzzonigro G., Milanese G., Pierella F., Rossi V., Emanuelli M. (2006) 
Identification of nicotinamide N-methyltransferase as a novel tumor marker for renal 
clear cell carcinoma. J. Urol. 176:224-2254. 
7. Parsons R.B., Smith S.W., Waring R.H., Williams A.C., Ramsden D.B. (2003) High 
expression of nicotinamide N-methyltransferase in patients with idiopathic Parkinson’s 
disease. Neurosci. Lett. 342:13-16. 
8. Parsons R.B., Aravindan S., Kadampeswaran A, Evans E.A., Sandhu K.K., Levy E.R., 
Thomas M.G., Austen B.M., Ramsden D.B. (2011) The expression of nicotinamide N-
methyltransferase increases ATP synthesis and protects SH-SY5Y neuroblastoma cells 
against the toxicity of Complex I inhibitors. Biochem. J. 436:145-155. 
9. Thomas M.G., Saldanha M., Mistry R.J., Dexter D.T., Ramsden D.B., Parsons, R.B. 
(2013) Nicotinamide N-methyltransferase expression in SH-SY5Y neuroblastoma and 
N27 mesencephalic neurones induces changes in cell morphology via ephrin-B2 and Akt 
signalling. Cell Death Dis. 4:e669. 
10. Milani Z.H., Ramsden D.B., Parsons R.B. (2013) Neuroprotective effects of nicotinamide 
N-methyltransferase and its metabolite 1-methylnicotinamide. J. Biochem. Mol. Toxicol. 
27:451-456. 
11. Albores R., Neafsey E.J., Drucker G., Fields J.Z., Collins M.A. (1990) Mitochondrial 
respiratory inhibition by N-methylated β-carboline derivatives structurally resembling N-
methyl-4-phenylpyridine. Proc. Natl. Acad. Sci. USA 87:9368-9372. 
12. Williams A.C., Cartwright L.S., Ramsden D.B. (2005) Parkinson’s disease: the first 
common neurological disease due to auto-intoxication? QJM 98:215-226. 
13. Matsubara K., Collins M.A., Akane A., Ikebuchi J., Neafsey E.J., Kagawa M., Shiono H. 
(1993) Potential bioactivated neurotoxicants, N-methylated β-carbolinium ions, are 
present in human brain. Brain Res. 61:90-96. 
14. Stockigt J., Antonchick A.P., Wu F., Waldmann H. (2011) The Pictet-Spengler reaction 
in nature and in organic chemistry. Angew Chem. Int. Ed. Engl. 50:8538-8564. 
15. Herraiz T. (2004) Relative exposure to β-carbolines norharman and harman from foods 
and tobacco smoke. Food Addit. Contam. 21:1041-1050. 
16. Matsubara K., Idzu T., Kobayashi Y., Nakahara D., Maruyama W., Kobayashi S., 
Kimura K., Naoi M. (1995) N-Methyl-4-phenylpyridinium and an endogenously formed 
analogue, N-methylated β-carbolinium, inhibit striatal tyrosine hydroxylation in freely 
moving rats. Neurosci. Lett. 199:199-202. 
17. Fekkes D., Bode W.T. (1993) Occurrence and partition of the β-carboline norharman in 
rat organs. Life Sci. 52:2045-2054. 
NNMT and norharman metabolism 
15 
 
18. Neafsey E.J., Drucker G., Raikoff K., Collins M.A. (1989) Striatal dopaminergic toxicity 
following intranigral injection in rats of 2-methyl-norharman, a β-carbolinium analogue 
of N-methyl-4-phenylpyridinium ion (MPP+). Neurosci. Lett. 105:344-349. 
19. Collins M.A., Neafsey E.J., Matsubara K., Cobuzzi Jr. R.J., Rollema H. (1992) Indole-N-
methylated β-carbolinium ions as potential brain-bioactivated neurotoxins. Brain Res. 
570:154-160. 
20. Bonnet R., Pavlovic S., Lehmann H., Rommelspacher H. (2004) The strong inhibition of 
triosephosphate isomerase by the natural β-carbolines may explain their neurotoxic 
actions. Neuroscience 127:443-453. 
21. Hamann J., Wernicke C., Lehmann J., Reichmann H., Gille G. (2006) Neurotoxic 
mechanisms of 2,9-dimethyl-β-carbolinium ion in primary dopaminergic culture. J. 
Neurochem. 98:1185-1199. 
22. Pavlovic S., Schulze G., Wernicke C., Bonnet R., Gille G., Badiali L., Kaminska A., 
Lorenc-Koci E., Ossowska K., Rommelspacher H. (2006) 2,9-Dimethyl-β-carbolinium, a 
neurotoxin occurring in human brain, is a potent inducer of apoptosis as 1-methyl-4-
phenylpyridinium. Neuroscience 139:1525-1537. 
23. Wernicke C., Schott Y., Enzensperger C., Schulze G., Lehmann J., Rommelspacher H. 
(2007) Cytotoxicity of β-carbolines in dopaminergic transporter expressing cells: 
structure-activity relationships. Biochem. Pharmacol. 74:1065-1077. 
24. Neafsey E.J., Albores R., Gearhart D., Kindel G., Raikoff K., Tamayo F., Collins M.A. 
(1995) Methyl-beta-carbolinium analogs of MPP+ cause nigrostriatal toxicity after 
substantia nigra injections in rats. Brain Res. 675:279-288. 
25. Esmaeili M.H., Mohavedi M., Faraji A., Haghdoost-Yazdi H. (2012) Intracerebral 
injection of low amounts of norharman induces moderate Parkinsonism-like behavioural 
symptoms in rat. Neurotoxicol. Teratol. 34:489-494. 
26. Kuhn W., Muller T., Grosse H., Rommelspacher H. (1996) Elevated levels of harman and 
norharman in cerebrospinal fluid of parkinsonian patients. J. Neural. Transm. 103:1435-
1440. 
27. Susilo R., Damm H., Rommelspacher H., Holfe G. (1987) Biotransformation of 1-
methyl-1,2,3,4-tetrahydro-β-carboline-1-carboxylic acid to harmalan, 
tetrahydronorharman and harman in rats. Neurosci. Lett. 81:325-330. 
28. Susilo R., Rommelspacher H. (1987) Formation of a β-carboline (1,2,3,4-tetrahydro-1-
methyl-β-carboline-1-carboxylic  acid) following intracerebroventricular injection of 
tyramine and pyruvic acid. Naunyn. Schmeidebergs Arch. Pharmacol. 335:70-76. 
29. Fields J.Z., Albores R.R., Neafsey E.J., Collins M.A. (1992) Inhibition of mitochondrial 
succinate oxidation – similarities and differences between N-methylated β-carbolines and 
MPP+. Arch. Biochem. Biophys. 294:539-543. 
30. Gearhart D.A., Neafsey E.J., Collins M.A. (2002) Phenylethanolamine N-
methyltransferase has β-carboline 2N-methyltransferase activity: hypothetical relevance 
to Parkinson’s disease. Neurochem. Int. 40:611-620. 
31. Matsubara K., Aoyama K., Suno M., Awaya T. (2002) N-methylation underlying 
Parkinson’s disease. Neurotoxicol. Teratol. 24:593-598. 
32. Alston R.A., Abeles R.H. (1988) Substrate specificity of nicotinamide methyltransferase 
isolated from porcine liver. Arch. Biochem. Biophys. 260:601-608. 
NNMT and norharman metabolism 
16 
 
33. Thatcher R.J., Johnson D.G., Slattery J.M., Douthwaite R.E. (2012) Charged behaviour 
from neutral ligands: synthesis and properties of N-heterocyclic pseudoamides. Chemistry 
18:4329-4336. 
34. Rook Y., Schmidtke K.U., Gaube F., Schepman D., Wunsch B., Heilmann J., Lehmann 
J., Winckler T. (2010) Bivalent β-carbolines as potential multitarget anti-Alzheimer 
agents. J. Med. Chem. 53:3611-3617. 
35. Peng Y., Sartini D., Pozzi V., Wilk D., Emanuelli M., Yee V.C. (2011) Structural basis of 
substrate recognition in human nicotinamide N-methyltransferase. Biochemistry 50:7800-
7808. 
36. Patel M., Vasaya M.M., Asker D., Parsons R.B. (2013) HPLC-UV method for measuring 
nicotinamide N-methyltransferase activity in biological samples: evidence for substrate 
inhibition kinetics. J. Chromatrogr. B 921-922:87-95. 
37. Sarkanen J.R., Nykky J., Siikanen J., Selinummi J., Ylikomi T., Jalonen T.O. (2007) 
Cholesterol supports the retinoic acid-induced synaptic vesicle formation in 
differentiating human SH-SY5Y neuroblastoma cells. J. Neurochem. 102:1941-1952. 
38. Matharu B., Gibson G., Parsons R., Huckerby T.N., Moore S.A., Cooper L.J., 
Millichamp R., Allsop D., Austen B. (2009) Galantamine inhibits β-amyloid aggregation 
and cytotoxicity. J. Neurol. Sci. 280:49-58. 
39. Lew M. (2007) Good statistical practice in pharmacology. Problem 2. Br. J. Pharmacol. 
152:299-303. 
40. Hancock A.A., Bush E.N., Stanisic D., Kyncl J.J., Lin C.T. (1988) Data normalisation 
before statistical analysis: keeping the horse before the cart. Trends Pharmacol. Sci. 9:29-
32. 
41. Thomas M.G., Marwood R.M., Parsons A.E., Parsons R.B. (2015) The effect of foetal 
bovine serum supplementation upon the lactate dehydrogenase cytotoxicity assay: 
Important considerations for in vitro toxicity analysis. Toxicol. In Vitro 30:300-3083. 
42. Rini J., Szumlanski C., Guerciolini R., Weinshilboum R.M. (1990) Human liver 
nicotinamide N-methyltransferase: ion-pairing radiochemical assay, biochemical 
properties and individual variation. Clin. Chim. Acta 186:359-374. 
43. Valton J.V., Daboussi F., Leduc S., Molina R., Redondo P, Macmaster R., Montoya G., 
Duchateau P. (2012) 5’-Cytosine-phosphoguanine (CpG) methylation impacts the 
activity of natural and engineered meganucleases. J. Biol. Chem. 287:30139-30150. 
44. Kamp F., Winkler E., Trambauer J,. Ebke R., Steiner H. (2015) Intramembrane 
proteolysis of β-amyloid precursor protein by γ-secretase is an unusually slow process. 
Biophys. J. 108:1229-1237. 
45. Mouratou B., Kasper P., Gerhring H., Christen P. (1999) Conversion of tyrosine phenol-
lyase to dicarboxylic amino acid β-lyase, an enzyme not found in nature. J. Biol. Chem. 
274:1320-1325. 
46. Williams A., Ramsden D. (2005) Nicotinamide: a double-edged sword. Parkinsonsim 
Relat. Disord. 11:413-420. 
47. Herraiz T., Galisteo J. (2002) Tetrahydro-β-carboline alkaloids that occur in foods and 
biological systems act as radical scavengers and antioxidants in the ABTS assay. Free 
Radic. Res. 36:923-928. 
48. Perry T.L., Yong V.W., Wall R.A., Jones K. (1986) Paraquat and two endogenous 
analogues of the neurotoxic substance N-methyl-4-phenyl-1,2,3,6-tetrahydropyridine do 
not damage dopaminergic nigrostriatal neurons in the mouse. Neurosci. Lett. 69:285-289. 
NNMT and norharman metabolism 
17 
 
49. Roth J.A., Li Z., Sridhar S., Khoshbouei H. (2013) The effect of manganese on dopamine 
toxicity and dopamine transporter (DAT) in control and DAT transfected HEK cells. 
Neurotoxicology 35:121-128. 
50. Choi K.H., Basma H., Singh J., Cheng P.W. (2005) Activation of CMV promoter-
controlled glycosyltransferase and β-galactosidase glycogenes by butyrate, tricostatin A, 
and 5-aza-2’-deoxycytidine. Glycoconj. J. 22:63-69. 
51. Storch A., Hwang Y.I., Gearhart D.A., Beach J.W., Neafsey E.J., Collins M.A., Schwarz 
J. (2004) Dopamine transporter-mediated cytotoxicity of β-carbolinium derivatives 
related to Parkinson’s disease: relationship to transporter-dependent uptake. J. 
Neurochem. 89:685-694. 
52. Cheung Y.T., Lau W.K., Yu M.S., Lai C.S., Yeung S.C., So K.F., Chang R.C. (2009) 
Effects of all-trans-retinoic acid on human SH-SY5Y neuroblastoma as an in vitro model 
in neurotoxicity research. Neurotoxicology 30:127-135. 
53. Korecka J.A., van Kesteren R.E., Blaas E., Spitzer S.O., Kamstra J.H., Smit A.B., Swaab 
D.F., Verhaagen J., Bossers K. (2013) Phenotypic characterisation of retinoic acid 
differentiated SH-SY5Y cells by transcriptional profiling. PLoS One 8:e63862. 
54. Ramsay R.R., Youngster S.K., Nicklas W.J., McKeown K.A., Jin Y.Z., Heikkila R.E., 
Singer T.P. (1989) Structural dependence of the inhibition of mitochondrial respiration 
and of NADH oxidase by 1-methyl-4-phenylpyridinium (MPP+) analogs and their 
energized accumulation by mitochondria. Proc. Natl. Acad. Sci. USA 86:9168-9172. 
55. Encinas M., Iglesias M., Liu Y., Wang H., Muhaisen A., Cena V., Gallego C., Comella J. 
X. (2000) Sequential treatment of SH-SY5Y cells with retinoic acid and brain-derived 
neurotrophic factor gives rise to fully differentiated, neurotrophic factor-dependent, 
human neuron-like cells. J. Neurochem. 75:991-1003. 
56. Agholme L., Lindstrom T., Kagedal K., Marcusson J., Hallbeck M. (2010) An in vitro 
model for neuroscience: differentiation of SH-SY5Y cells into cells with morphological 
and biochemical characteristics of mature neurones. J. Alzheimers Dis. 20:1069-1082. 
57. Lopes F.M., Schroder R., da Frota M.L., Zanotto-Filho A., Muller C.B., Pires A.S., 
Meurer R.T., Colpo G.D., Gelain D.P., Kapczinski F., Moreira J.C., Fernandes Mda C., 
Klamt F. (2010) Comparison between proliferative and neuron-like SH-SY5Y cells as an 
in vitro model for Parkinson’s disease. Brain Res. 1337:85-94. 
58. Burke R.E. (2007) Inhibition of mitogen-activated protein kinase and stimulation of Akt 
kinase signalling pathways: two approaches with therapeutic potential in the treatment of 
neurodegenerative disease. Pharmacol. Therap. 114:261-277. 
 
  
NNMT and norharman metabolism 
18 
 
Tables. 
 
 Toxin 
THNH NH MeNH 
SH-SY5Y S.NNMT.LP SH-SY5Y S.NNMT.LP SH-SY5Y S.NNMT.LP 
EC5024 5481 
(523 ± 42)2 
521 
(528 ± 23) 
221 
(221 ± 16) 
199 
(188 ± 14) 
1370 
(1389 ± 84) 
759 
(770 ± 8) 
EC5072 454 
(474 ± 10) 
327 
(331 ± 6) 
223 
(228 ± 25) 
288 
(294 ± 18) 
869 
(881 ± 20) 
619 
(650 ± 36) 
EC50120 429 
(432 ± 21) 
366  
(374 ± 31) 
158 
(162 ± 18)  
155 
(159 ± 18)  
257 
(237 ± 28) 
355 
(322 ± 21) 
LC50 1880 
(2068 ± 38) 
2430 
(2352 ± 52) 
269 
(270 ± 18) 
406 
(404 ± 10) 
1830 
(1820 ± 86) 
355 
(362 ± 48) 
EC50ATP 437 
(452 ± 80) 
348 
(335 ± 37) 
263 
(291 ± 41) 
174 
(225 ± 52) 
260 
(247 ± 56) 
356 
(383 ± 29) 
 
Table 1. Summary of EC50 and LC50 values for 1,2,3,4-tetrahydronorharman (THNH), 
norharman (NH) and 2-N-methylnorharman (MeNH). 1Values are the antilog of logEC50 or 
logLC50 values shown in Supplementary Table S4 and are expressed as µM. 2Values in brackets 
are the average of EC50 or LC50 values obtained from each experimental replicate and are 
expressed as µM ± SEM. All values are the average of 3 – 5 experiments. Statistical analysis was 
performed using the logEC50 and logLC50 ± SEM values shown in Supplementary Table S4.
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THNH 
Concentration (µM) 
12.5 25 50 100 200 400 800 1600 
MTT 24 h  SH-SY5Y - - - - - 57 ± 6 16 ± 1 7 ± 2 
S.NNMT.LP - - - - 89 ± 3* 85 ± 7 8 ± 0.7 4 ± 2 
MTT 72 h  SH-SY5Y - - - - - 47 ± 3 32 ± 3 19 ± 1 
S.NNMT.LP - - - - - 30 ± 3 4 ± 2 1 ± 1 
MTT 120 h SH-SY5Y - - - - - 66 ± 15* -0.4 ± 0.2 -0.9 ± 0.1 
S.NNMT.LP - - - - - 42 ± 13 -0.7 ± 0.3 -0.7 ± 0.4 
LDH SH-SY5Y - - - - - - - 58 ± 10 
S.NNMT.LP - - - - - - - 34 ± 2 
ATP SH-SY5Y - - - - - 33 ± 13 4 ± 3 0.4 ± 0.4 
S.NNMT.LP - - - - - 25 ± 10 2 ± 0.8 0.6 ± 0.8 
 
 
NH 
Concentration (µM) 
6.3 12.5 25 50 100 200 400 800 
MTT 24 h  SH-SY5Y - - - - 82 ± 3** 60 ± 2 13 ± 3 0.1 ± 0.2 
S.NNMT.LP - - - - 87 ± 5 51 ± 7 8 ± 2 0.3 ± 0.1 
MTT 72 h  SH-SY5Y - - - - 73 ± 4 60 ± 7 10 ± 3 1 ± 0.2 
S.NNMT.LP - - - - - 76 ± 7** 24 ± 3 7 ± 0.7 
MTT 120 h SH-SY5Y - - - - 79 ± 8* 35 ± 13 -0.8 ± 0.1 -0.6 ± 0.3 
S.NNMT.LP - - - - - 30 ± 10 -0.7 ± 0.2 -1 ± 0.2 
LDH SH-SY5Y - - - - - 39 ± 2 85 ± 6 94 ± 3 
S.NNMT.LP - - - - - 33 ± 2 54 ± 0.6 100 ± 0.4 
ATP SH-SY5Y - - - - - - 2 ± 1 -0.1 ± 0.2 
S.NNMT.LP - - - - - 39 ± 5 0.5 ± 0.5 -0.4 ± 0.4 
 
 
MeNH 
Concentration (µM) 
15.6 31.3 62.5 125 250 500 1000 2000 
MTT 24 h  SH-SY5Y - - - - - 79 ± 2** 65 ± 0.8 20 ± 8 
S.NNMT.LP - - - - - 52 ± 2 18 ± 4 4 ± 3 
MTT 72 h  SH-SY5Y - - - - - - 55 ± 3 0.2 ± 1 
S.NNMT.LP - 130 ± 10 120 ± 7* - - - 6 ± 0.2 0.7 ± 0.4 
NNMT and norharman metabolism 
20 
 
MTT 120 h SH-SY5Y - - - - 55 ± 2 11 ± 3 0.1 ± 0.2 -0.04 ± 0.1 
S.NNMT.LP - - 143 ± 4 164 ± 7 - 22 ± 8 0 ± 0.1 -0.04 ± 0.1 
LDH SH-SY5Y - - - - - - - 73 ± 2 
S.NNMT.LP - - - - - 99 ± 3 84 ± 4 89 ± 5 
ATP SH-SY5Y - - - - 46 ± 16 7 ± 4 0 ± 0.01 -0.4 ± 0.4 
S.NNMT.LP - - - 140 ± 14* - 17 ± 4 0 ± 0.01 0 ± 0.01 
 
Table 2 Summary of significant changes in cell viability (MTT), cell death (LDH) and intracellular ATP concentrations (ATP) in SH-
SY5Y and S.NNMT.LP cells. For MTT and ATP experiments, results are expressed as percentage of untreated cells ± SEM. For LDH 
experiments, results are expressed as percentage cell death ± SEM. Only statistically significant results are shown and all are P < 
0.001 unless otherwise indicated: * = P < 0.05, ** = P < 0.01. 
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Figure 1. Metabolic pathways of the β-carboline norharman and the structural similarity of 
2-methylnorharman to MPP+. Both compounds possess the same basic aromatic benzene and 
pyridine rings structure, with the addition of a bridging secondary amine between the two rings 
of 2-methylnorharman. SAM: S-adenosylmethionine, SAH: S-adenosylhomocysteine, [O]: 
oxidation. 
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Figure 2. Biochemical analysis of norharman 2N-methyltransferase activity using a 
modified NNMT enzyme activity assay. Norharman was used as substrate, with detection of 2-
N-methylnorharman performed using mass spectrometry. (A) Linearity of 2-N-methylhorharman 
production with time. (B) Non-linear regression analysis of norharman 2N-methyltransferase 
activity using Michaelis-Menten kinetic analysis. Specific activity is expressed as nmoles 2-N-
methylhorharman produced/hour/mg hNNMTWT protein. 
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Figure 3. PNMT expression in SH-SY5Y and S.NNMT.LP cells. (A) Analysis of PNMT 
mRNA expression in SH-SY5Y and S.NNMT.LP cells using RT-PCR. (B) Analysis of PNNMT 
protein expression in whole mouse brain homogenate, SH-SY5Y and S.NNMT.LP cells using 
Western blotting. Bp: 100 bp ladder, Ctrl: no template control. 
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Figure 4. Toxicity of 1,2,3,4-tetrahydronorharman (THNH), norharman (NH) and 2-N-
methylnorharman (MeNH) towards SH-SY5Y and S.NNMT.LP cells using the MTT 
reduction assay. Cell viability was expressed as percentage of untreated cells ± SEM (n = 5 for 
THNH and NH, n = 4 for MeNH). Curve fitting was undertaken using non-linear regression 
analysis. Statistical analysis of individual dose toxicity between cell lines consisted of two-way 
repeated measures ANOVA: ** = P < 0.01, *** = P < 0.001. Solid black line = SH-SY5Y, 
dashed red line = S.NNMT.LP.  
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Figure 5. Effect of 1,2,3,4-tetrahydronorharman (THNH), norharman (NH) and 2-N-
methylnorharman (MeNH) upon cell death using the LDH cytotoxicity assay. Cell death 
was expressed as percentage cell death ± SEM (n = 3 for all). Curve fitting was undertaken using 
non-linear regression analysis. Statistical analysis of individual dose toxicity between cell lines 
consisted of two-way repeated measures ANOVA: * = P < 0.05, *** = P < 0.001. Solid black line 
= SH-SY5Y, dashed red line = S.NNMT.LP.  
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Figure 6. Effect of 1,2,3,4-tetrahydronorharman (THNH), norharman (NH) and 2-N-
methylnorharman (MeNH) upon cellular ATP content in SH-SY5Y and S.NNMT.LP cells. 
Cellular ATP content was expressed as percentage of untreated cells ± SEM (n = 5 for THNH 
and NH, n = 4 for MeNH). Curve fitting was undertaken using non-linear regression analysis. 
Statistical analysis of individual dose toxicity between cell lines consisted of two-way repeated 
measures ANOVA: ** = P < 0.01, *** = P < 0.001. Solid black line = SH-SY5Y, dashed red line 
= S.NNMT.LP. Cellular ATP content in untreated cells: SH-SY5Y = 150 ± 12 pmoles/mg 
protein, S.NNMT.LP = 310 ± 54 pmoles/mg protein. 
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Figure 7. Effect of length of incubation with 1,2,3,4-tetrahydronorharman (THNH, left 
hand panels), norharman (NH, middle panels) and 2-N-methylnorharman (MeNH, right 
hand panels) upon cell viability measured using the MTT reduction assay, and 
comparisons of EC50s, in SH-SY5Y (top three panels) and S.NNMT.LP (bottom three 
panels) cell lines. Cell viability was expressed as percentage of untreated cells ± SEM (n = 4 for 
NH and MeNH, n = 3 for THNH). For all panels: solid black line = 24 h, large dashed red line = 
72 h, small dashed green line = 120 h. 
 
 
 
